In order to guarantee the service performance of recycling asphalt mixture with reclaimed asphalt pavement (RAP), asphalt rejuvenator shall be added. In the last five years, vegetable oil-based rejuvenators have received more and more attention due to their green and regenerative advantages. The object of this paper is to investigate the feasibility of rejuvenating aged asphalt by a kind of waste vegetable oil (W-oil). The effect of W-oil on the performance of aged asphalt is characterized by a safety property test, aging property test, and pavement performance tests; the pavement performance tests included traditional tests and a rheological test. The results show that both the safety property and aging property of rejuvenated asphalt with W-oil meet the specification requirements. According to the results of traditional performance indexes (i.e., penetration, soften point, and ductility), the pavement performance of rejuvenated asphalt can be recovered to the level of virgin asphalt. According to the results of performance indices obtained from the rheological test, the optimum dosage of W-oil is determined to be 13.4 wt %. Compared with virgin asphalt, the rutting property of rejuvenated asphalt is equivalent to that of virgin asphalt, and the workability is slightly poorer; however, the fatigue property and low temperature property have been significantly enhanced. W-oil cannot only improve the pavement performance of aged asphalt, it can also guarantee good safety property and aging property. Therefore, W-oil is of great potential to serve as an asphalt rejuvenator for rejuvenating aged asphalt.
Introduction
Recycling reclaimed asphalt pavement (RAP) has good economic and environmental benefits. In the case of a RAP dosage between 20-50%, it can save the cost of construction by 14-34% [1] , which can reduce the exploitation of non-renewable resources (e.g., stone and asphalt), and thus reduce energy consumption and pollution emission in mining and transportation [2] . However, when RAP dosage goes beyond 20%, there is a gradual increase in the deterioration of pavement's fatigue cracking and low-temperature cracking [3] , and the compact of asphalt mixture will also be damaged [4] . To solve the shortcomings of rejuvenated asphalt mixture with a high dosage of RAP, it often requires the addition of a rejuvenator [5] . Rejuvenators mainly include vegetable oil and petroleum-based extracted oil [6] , among which vegetable oil has attracted much attention in recent years because of its renewable advantage.
In 2012, Hallizza Asli et al. [7] , on the basis of the indicators (e.g., penetration, soften point, and viscosity), pointed out that there was no clear difference in the performance between rejuvenated asphalt with fring vegetable oil and virgin asphalt. In 2014, Chen Meizhu et al. [8, 9] utilized frying vegetable oil to rejuvenate aged asphalt, and the study showed that frying soybean oil significantly improved the fatigue property and low temperature anti-cracking property of aged asphalt, but the ductility was not effectively improved, and high temperature performance became poorer with the increase of frying soybean oil. In 2016, Wan et al. [10] added methyl alcohol into frying vegetable oil and made a chemical modification under alkalis catalysis, and it was found that the asphalt that was rejuvenated by the modified frying vegetable oil could achieve a better rutting resistance. In 2017, Zhang et al. [11] appraised the effects of vegetable oil with different deep-frying times on the rheological performance of aged asphalt, and the study exhibited that vegetable oil of a higher aging degree could result in a higher viscosity and a better rutting resistance. In summary, frying vegetable oil can restore the penetration of aged asphalt, as well as improve the fatigue property and low-temperature anti-cracking property of aged asphalt; however, high-temperature rutting resistance will become poorer. Vegetable oil, after modification or further aging, can reduce the damage of vegetable oil on rutting resistance. Herein, in this study, it was considered to apply highly aged waste vegetable oil of high viscosity to rejuvenate aged asphalt. The waste vegetable oil is sourced from the byproduct after the extraction of fatty acid from vegetable oil, and this byproduct is named as W-oil in this paper. W-oil is the byproduct obtained by eight-hour distillation at 300-400 • C after the acidification of vegetable oil. W-oil has a higher viscosity and deeper aging degree than that of frying vegetable oil. The output of W-oil is large in China, and the main treatment measure taken at present is combustion, which has not been effectively utilized. Therefore, it is necessary to explore the application of W-oil in rejuvenating asphalt.
Objective and Experimental Plan
This paper is aimed at observing the effects of W-oil on the performance of aged asphalt and analyzing the potential of W-oil as an asphalt rejuvenator. It can not only provide an environment-friendly way to treat W-oil, it can also become a substitute for non-renewable petroleum-based asphalt rejuvenator, which will promote the development of sustainable pavement construction.
The test plan is shown in Figure 1 . First, aged asphalt is obtained by two steps: virgin asphalt is aged by rolling thin film oven test (RTFOT), then put the aged residue of RTFOT into a pressurized aging vessel (PAV) for further aging to get aged asphalt. Second, 5%, 10%, 15%, and 20% W-oil is added into the aged asphalt to prepare rejuvenated asphalt. Third, the safety property, aging property and pavement performance of virgin asphalt, aged asphalt, and rejuvenated asphalt is analyzed. Pavement performance is characterized by two indexes, namely, the traditional indexes and rheological indexes. The flash point test is to characterize the asphalt's safety, and the RTFOT test is to characterize its aging property. In the traditional indexes, the penetration test, soften point test, and ductility test are used to characterize asphalt pavement performance. Corresponding to the traditional indexes for measuring asphalt pavement performance, superpave proposed the test methods based on rheology theory, so that the rheological index can be directly correlated to the field pavement performance. The viscosity test is used to characterize the high-temperature workability, the multiple stress creep recovery (MSCR) test is used to characterize the rutting property, the time sweep (TS) test is used to characterize the medium-temperature fatigue property, and the bending beam rheometer (BBR) test is to characterize low temperature property. Appl 
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Materials
W-Oil
W-oil is the byproduct after the extraction of fatty acid from vegetable oil, as shown in Figure 2 . At present, the annual output of W-oil is approx. 900,000 tons, and the main treatment measure for waste oil is combustion, which produces a pungent odor and greenhouse gas, which pollutes the environment. The typical physical properties of W-oil are shown in Table 1 . As shown in Table 1 , the low viscosity of W-oil, as 286.7 mPa·S, means that at 60 °C, it can soften aged asphalt effectively. In general, the higher the molecular weight, the less volatile it is. The number-average molecular weight of W-oil is 1067 Daltons, so W-oil is expected to have a good anti-volatile performance in construction as a rejuvenator. Fourier transform infrared spectroscopy (FTIR) is a method of determining the chemical functional groups within a medium. The chemical functional groups are groups of atoms that are responsible for different reactions within a compound [12] . In Figure 3 , a comparison of infrared spectrogram is made between virgin asphalt and W-oil. The major differences in the composition of functional groups include: (1) W-oil has a stronger absorption peak at 1150 cm −1 and 1700 cm −1 , while virgin asphalt basically has no absorption peak, implying that W-oil contains a large number of ester bonds; (2) Virgin asphalt shows absorption peaks at 800 cm −1 and 1580 cm −1 , where W-oil has no absorption peak, which demonstrates that W-oil does not contain benzene. Therefore, W-oil does not contain strong carcinogen-polycyclic aromatic hydrocarbon (PAH), and the use of W-oil as a rejuvenator can reduce the harm to the construction workers. 
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Asphalt
(1) Virgin asphalt and aged asphalt PEN70 asphalt is used as the virgin asphalt. Aged asphalt is prepared by aging PEN70 asphalt in the laboratory. Asphalt aging includes short-term aging and long-term aging. Short-term aging is simulated by the rolling thin film oven test (RTFOT), long-term aging is simulated by the accelerated aging test of asphalt in a pressurized aging vessel (PAV). The PAV test is conducted at the temperature 100 °C for 20 h to simulate asphalt field aging for six to eight years. For the specific experimental method, refer to ASTM D 2872 [13] and ASTM D6521 [14] . The technical indicators for virgin asphalt and aged asphalt are as shown in Table 2 . 
(1) Virgin asphalt and aged asphalt PEN70 asphalt is used as the virgin asphalt. Aged asphalt is prepared by aging PEN70 asphalt in the laboratory. Asphalt aging includes short-term aging and long-term aging. Short-term aging is simulated by the rolling thin film oven test (RTFOT), long-term aging is simulated by the accelerated aging test of asphalt in a pressurized aging vessel (PAV). The PAV test is conducted at the temperature 100 • C for 20 h to simulate asphalt field aging for six to eight years. For the specific experimental method, refer to ASTM D 2872 [13] and ASTM D6521 [14] . The technical indicators for virgin asphalt and aged asphalt are as shown in Table 2 . (2) W-oil rejuvenated asphalt W-oil is mixed into the aged asphalt at proportions (by weight) of 5%, 10%, 15%, and 20% at a recovering temperature of 135 • C in the stirrer at a speed of 2000 RPM for 15 min. Virgin asphalt, aged asphalt, and 5%, 10%, 15%, and 20% W-oil rejuvenated asphalt are named as Virgin, 0%WRA, 5%WRA, 10%WRA, 15%WRA, and 20%WRA, respectively.
Testing Methods
Flash Point Test
The flash point reflects the safety of asphalt in the process of mixing at a high temperature. The higher the flash point, the more safe the asphalt. The flash point test is applied to characterize the safety of virgin, aged, and rejuvenated asphalt. As shown in Figure 4 , the rate of temperature rise is set between 5-6 • C/min during the last 28 • C before the flash point. The test flame is passed across the center of the test cup. For the observed flash point, the temperature is recorded at the time the test flame causes a distinct flash in the interior of the test cup. For the details of the test, refer to ASTM D 92-12b [15] . (2) W-oil rejuvenated asphalt W-oil is mixed into the aged asphalt at proportions (by weight) of 5%, 10%, 15%, and 20% at a recovering temperature of 135 °C in the stirrer at a speed of 2000 RPM for 15 min. Virgin asphalt, aged asphalt, and 5%, 10%, 15%, and 20% W-oil rejuvenated asphalt are named as Virgin, 0%WRA, 5%WRA, 10%WRA, 15%WRA, and 20%WRA, respectively.
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The flash point reflects the safety of asphalt in the process of mixing at a high temperature. The higher the flash point, the more safe the asphalt. The flash point test is applied to characterize the safety of virgin, aged, and rejuvenated asphalt. As shown in Figure 4 , the rate of temperature rise is set between 5-6 °C/min during the last 28 °C before the flash point. The test flame is passed across the center of the test cup. For the observed flash point, the temperature is recorded at the time the test flame causes a distinct flash in the interior of the test cup. For the details of the test, refer to ASTM D 92-12b [15] . 
Rolling Thin Film Oven Test (RTFOT)
RTFOT simulates the short-term aging in mixing process. The smaller mass loss that the aged asphalt has, the better the aging property is. The RTFOT test is applied to characterizing the safety of virgin, aged, and rejuvenated asphalt. As shown in Figure 5 , asphalt samples are conditioned in a rolling thin film oven at 163 °C for 85 min. For the details of the test, refer to ASTM D2872 [13] . 
RTFOT simulates the short-term aging in mixing process. The smaller mass loss that the aged asphalt has, the better the aging property is. The RTFOT test is applied to characterizing the safety of virgin, aged, and rejuvenated asphalt. As shown in Figure 5 , asphalt samples are conditioned in a rolling thin film oven at 163 • C for 85 min. For the details of the test, refer to ASTM D2872 [13] . 
Physical Tests (1) Penetration test
Penetration is a grading index of asphalt. For example, if the penetration range is 60-80, the asphalt is defined as PEN70. As shown in Figure 6 , a container filled with an asphalt sample is stored in a 25 °C water bath for 90 min, and then penetrated by a needle weighted 100 g; the penetration depth is measured as a penetration in the unit of 0.1 mm. For the details of penetration test, refer to ASTM D5 [16] . 
Penetration is a grading index of asphalt. For example, if the penetration range is 60-80, the asphalt is defined as PEN70. As shown in Figure 6 , a container filled with an asphalt sample is stored in a 25 • C water bath for 90 min, and then penetrated by a needle weighted 100 g; the penetration depth is measured as a penetration in the unit of 0.1 mm. For the details of penetration test, refer to ASTM D5 [16] . 
Penetration is a grading index of asphalt. For example, if the penetration range is 60-80, the asphalt is defined as PEN70. As shown in Figure 6 , a container filled with an asphalt sample is stored in a 25 °C water bath for 90 min, and then penetrated by a needle weighted 100 g; the penetration depth is measured as a penetration in the unit of 0.1 mm. For the details of penetration test, refer to ASTM D5 [16] . The soften point reflects the high-temperature stability of asphalt. The higher the soften point, the better the anti-rutting performance of the asphalt. As shown in Figure 7 , two steel balls are placed on the horizontal disks of an asphalt sample contained in vertically supported metal rings. The assembly is heated in a water bath at 5 • C/min. The softening point was recorded as the average temperature at which the two disks softened enough to allow each ball, enveloped in asphalt, to fall a distance of 25 mm (1.0 in). For the details of soften point test, refer to ASTM D36 [17] .
The soften point reflects the high-temperature stability of asphalt. The higher the soften point, the better the anti-rutting performance of the asphalt. As shown in Figure 7 , two steel balls are placed on the horizontal disks of an asphalt sample contained in vertically supported metal rings. The assembly is heated in a water bath at 5 °C/min. The softening point was recorded as the average temperature at which the two disks softened enough to allow each ball, enveloped in asphalt, to fall a distance of 25 mm (1.0 in). For the details of soften point test, refer to ASTM D36 [17] . (3) Ductility test Ductility reflects the ductility of asphalt. The higher the ductility, the better performance the asphalt has. The ductility test is used to measure the stretching length of a standard asphalt sample before breaking under standard testing condition (1 cm/min stretching speed at 5 °C), as shown in Figure 8 . For the details of the ductility test, refer to ASTM D113 [18] . (3) Ductility test Ductility reflects the ductility of asphalt. The higher the ductility, the better performance the asphalt has. The ductility test is used to measure the stretching length of a standard asphalt sample before breaking under standard testing condition (1 cm/min stretching speed at 5 • C), as shown in Figure 8 . For the details of the ductility test, refer to ASTM D113 [18] . The soften point reflects the high-temperature stability of asphalt. The higher the soften point, the better the anti-rutting performance of the asphalt. As shown in Figure 7 , two steel balls are placed on the horizontal disks of an asphalt sample contained in vertically supported metal rings. The assembly is heated in a water bath at 5 °C/min. The softening point was recorded as the average temperature at which the two disks softened enough to allow each ball, enveloped in asphalt, to fall a distance of 25 mm (1.0 in). For the details of soften point test, refer to ASTM D36 [17] . (3) Ductility test Ductility reflects the ductility of asphalt. The higher the ductility, the better performance the asphalt has. The ductility test is used to measure the stretching length of a standard asphalt sample before breaking under standard testing condition (1 cm/min stretching speed at 5 °C), as shown in Figure 8 . For the details of the ductility test, refer to ASTM D113 [18] . In the mixing and compacting process of asphalt mixture, the viscosity of asphalt shall be kept within a certain range. Excessive viscosity will cause insufficient compacting of asphalt mixture, and too low viscosity will result in a waste of energy. The workability of asphalt can be characterized by a viscosity test. The viscosity of specimen is measured respectively at 120 • C, 135 • C, 150 • C, 165 • C, and 180 • C in this study. For the details of the test, refer to ASTM D4402 [19] .
(2) Multiple Stress Creep Recovery (MSCR) test
In the Standard Specification for Performance Classification of Asphalt binder (AASHTO:M320), rutting factor (|G*|/sinδ) is adopted as the high-temperature performance indicator of asphalt. Rutting factor can predict the high temperature performance of unmodified asphalt well, but there is still a dispute on its applicability for modified asphalt [20, 21] . An MSCR test can reflect the nonlinear rheological response of modified asphalt under a large stress, and it has been confirmed that non-recoverable creep compliance (J nr ) has a good correlativity with the rutting property of modified asphalt [22] . Both the physical and chemical properties change dramatically after asphalt aging, and W-oil rejuvenated asphalt is regarded as modified asphalt. To predict the high-temperature performance of W-oil rejuvenated asphalt more accurately, a J nr indicator achieved by the MSCR test is adopted in this paper.
The MSCR test applies an AR 2000 dynamic shear rheometer (DSR): an 8-mm plate is applied for the specimens of 0%WRA and 5%WRA, and the gap between the parallel plates is set to be 2 mm; a 25 mm plate is applied for the specimens of Virgin, 10%WRA, 15%WRA and 20%WRA, and the gap between the rotor's parallel plates is set at 1 mm. The testing temperature for specimens is 60 • C, and the loading frequency is 10 rad/s. Specimens are loaded respectively under a stress of 0.1 kPa and 3.2 kPa; the loading process is to load for 1 s, then recover for 9 s. Each stress includes 10 cycles of loading and recovering.
(3) Time Sweep (TS) test
Superpave research proposes the fatigue factor (|G*| × sinδ), which is similar to the asphalt rutting factor and takes it as a control index of asphalt fatigue resistance. However, the fatigue factor cannot characterize the fatigue damage characteristics, and it has poor correlation with the asphalt mixture's fatigue property. Asphalt fatigue life, which is obtained from the time sweep test, can reflect the fatigue resistance of the corresponding asphalt mixture [23] . The number of loading cycles (N f50 ) in the case of a complex modulus decreased to 50% is taken as the index for judging the asphalt fatigue [16] . The time sweep test is carried out to characterize the fatigue property of virgin, aged, and rejuvenated asphalt.
The TS test applies AR 2000 DSR, which is the same instrument as in the MSCR test. An 8-mm plate is applied for 0%WRA and 5%WRA, and the gap between the parallel plates is set at 2 mm; a 25-mm plate is applied for Virgin, 10%WRA, 15%WRA, and 20%WRA, and the gap between the parallel plates is set 1 mm. A 5% strain control mode is applied for all of the specimens, the loading frequency is 10 rad/s, and the testing temperature is 20 • C. Figure 9 shows the flash points of virgin asphalt, aged asphalt, and rejuvenated asphalt with different dosages of W-oil. According to Figure 9 , it can be seen that the flash point increases slightly after asphalt aging, and decreases after the addition of W-oil, which demonstrates that W-oil is harmful to the safety of aged asphalt. As noted in ASTM D92-16b, the flash point can indicate the possible presence of highly volatile and flammable materials in a relatively nonvolatile or nonflammable material. The highly volatile and flammable materials are hazardous in asphalt mixing and compacting at high temperature, which may lead to fire and explosion. The flash point of aged asphalt and W-oil are 320 • C and 262 • C, respectively, which indicate that W-oil contains more highly volatile and flammable materials. As the dosage of W-oil in aged asphalt increases, the dosage of highly volatile and flammable materials in rejuvenated asphalt also increases. Therefore, W-oil is harmful to the safety of aged asphalt. Although the addition of W-oil decreases the flash point of aged asphalt, the flash point of 20%WRA, 268 • C, is still far higher than 230 • C, which is the flash point specified in the Superpave Binder Requirement (AASHTO M 320), and demonstrates that W-oil rejuvenated asphalt has good safety in construction.
Results and Discussion
Safety Property
Appl Figure 9 shows the flash points of virgin asphalt, aged asphalt, and rejuvenated asphalt with different dosages of W-oil. According to Figure 9 , it can be seen that the flash point increases slightly after asphalt aging, and decreases after the addition of W-oil, which demonstrates that W-oil is harmful to the safety of aged asphalt. As noted in ASTM D92-16b, the flash point can indicate the possible presence of highly volatile and flammable materials in a relatively nonvolatile or nonflammable material. The highly volatile and flammable materials are hazardous in asphalt mixing and compacting at high temperature, which may lead to fire and explosion. The flash point of aged asphalt and W-oil are 320 °C and 262 °C, respectively, which indicate that W-oil contains more highly volatile and flammable materials. As the dosage of W-oil in aged asphalt increases, the dosage of highly volatile and flammable materials in rejuvenated asphalt also increases. Therefore, W-oil is harmful to the safety of aged asphalt. Although the addition of W-oil decreases the flash point of aged asphalt, the flash point of 20%WRA, 268 °C, is still far higher than 230 °C, which is the flash point specified in the Superpave Binder Requirement (AASHTO M 320), and demonstrates that W-oil rejuvenated asphalt has good safety in construction. Figure 10 shows the mass loss of virgin asphalt, aged asphalt, and rejuvenated asphalt with different dosages of W-oil. According to Figure 10 , it can be seen that the mass loss decreases after asphalt aging, which is due to the volatilization of light components in the aging process. The mass loss increases after the addition of W-oil, because W-oil contains light components with low boiling points. The mass loss of W-oil in rejuvenated asphalt is smaller than that of virgin asphalt, which implies that W-oil cannot fully replenish the light components in virgin asphalt that are lost in the aging process [24] . The mass loss presents a linear increase with the dosage of W-oil. When the dosage of W-oil is 20%, the mass loss is 0.27%, which is far smaller than the mass loss of 1% that is specified in the Superpave Binder Requirement (AASHTO M 320). The smaller mass loss the asphalt has, the better its aging resistance is, so it demonstrates that rejuvenated asphalt has a better aging property. Figure 10 shows the mass loss of virgin asphalt, aged asphalt, and rejuvenated asphalt with different dosages of W-oil. According to Figure 10 , it can be seen that the mass loss decreases after asphalt aging, which is due to the volatilization of light components in the aging process. The mass loss increases after the addition of W-oil, because W-oil contains light components with low boiling points. The mass loss of W-oil in rejuvenated asphalt is smaller than that of virgin asphalt, which implies that W-oil cannot fully replenish the light components in virgin asphalt that are lost in the aging process [24] . The mass loss presents a linear increase with the dosage of W-oil. When the dosage of W-oil is 20%, the mass loss is 0.27%, which is far smaller than the mass loss of 1% that is specified in the Superpave Binder Requirement (AASHTO M 320). The smaller mass loss the asphalt has, the better its aging resistance is, so it demonstrates that rejuvenated asphalt has a better aging property. 
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Pavement Performance Based on Physical Tests
Penetration
Penetration is commonly used for grading. According to Figure 11 , it can be seen that the penetration decreases after asphalt aging. As the dosage of W-oil increases, the penetration of rejuvenated asphalt increases gradually, and the penetration of rejuvenated asphalt is well linear with the dosage of W-oil. When the dosage of W-oil is 9.5%, the penetration of rejuvenated asphalt is recovered to the level of virgin asphalt. 
Soften Point
The soften point can reflect the high temperature stability of asphalt. The higher the soften point is, the better the high temperature stability. According to Figure 12 , it can be seen that the soften point rises after asphalt aging, and the aging effect improves the high temperature stability of asphalt. As dosage of W-oil increases, the soften point of rejuvenated asphalt presents a linear Penetration is commonly used for grading. According to Figure 11 , it can be seen that the penetration decreases after asphalt aging. As the dosage of W-oil increases, the penetration of rejuvenated asphalt increases gradually, and the penetration of rejuvenated asphalt is well linear with the dosage of W-oil. When the dosage of W-oil is 9.5%, the penetration of rejuvenated asphalt is recovered to the level of virgin asphalt. 
Pavement Performance Based on Physical Tests
Penetration
Soften Point
The soften point can reflect the high temperature stability of asphalt. The higher the soften point is, the better the high temperature stability. According to Figure 12 , it can be seen that the soften point rises after asphalt aging, and the aging effect improves the high temperature stability of asphalt. As dosage of W-oil increases, the soften point of rejuvenated asphalt presents a linear 
The soften point can reflect the high temperature stability of asphalt. The higher the soften point is, the better the high temperature stability. According to Figure 12 , it can be seen that the soften point rises after asphalt aging, and the aging effect improves the high temperature stability of asphalt. As dosage of W-oil increases, the soften point of rejuvenated asphalt presents a linear decrease, which demonstrates that W-oil reduces the high temperature stability of aged asphalt. When the dosage of W-oil is 13%, the soften point of rejuvenated asphalt is reduced to the level of virgin asphalt. 
Ductility
The higher the ductility is, the better the pavement performance of the asphalt. According to Figure 13 , it can be seen that the ductility decreases after asphalt aging, which demonstrates that an aging effect reduces the ductility of the asphalt. As the dosage of W-oil increases in the aged asphalt, the ductility of rejuvenated asphalt continuously increases, which implies that W-oil improves the ductility of aged asphalt. When the dosage of W-oil is 10%, the ductility of rejuvenated asphalt is restored to the level of virgin asphalt. 
Pavement Performance Based on Rheological Tests
Workability
In order to guarantee the service performance of asphalt mixture, the viscosity of an asphalt binder shall be controlled within a certain range. In the Technical Specification for Construction of Highway Asphalt Pavement (JTG F40-2004) , it is recommended that the optimum viscosity in the mixing and compacting process of asphalt binder to be 170 mPa·S and 280 mPa·S, respectively. Figure 14 shows the viscosity-temperature curve of virgin asphalt, aged asphalt, and rejuvenated asphalt with different dosages of W-oil at 120-180 • C. The line of recommending compacting viscosity and mixing viscosity are drawn at 280 mPa·S and 170 mPa·S, respectively, in which the corresponding horizontal coordinate is the compacting and mixing temperature of the related asphalt. According to Figure 14 , it can be seen that an increase of temperature makes the asphalt viscosity decrease, so the control on the optimum mixing and compacting viscosity of asphalt is realized by controlling the temperature. The lower the construction temperature, the less energy is required in the heating process, and the better the workability. The viscosity of virgin asphalt increases by an aging effect, and the mixing and compacting temperature of aged asphalt under the recommended mixing and compacting viscosity are 180 • C and 168 • C, respectively. Both are increased by around 25 • C in comparison with that of virgin asphalt, so aging effect lowers the workability of virgin asphalt. As the dosage of W-oil in aged asphalt increases, the viscosity of rejuvenated asphalt reduces rapidly, which demonstrates that W-oil can improve the workability of aged asphalt. When the dosage of W-oil is 20%, rejuvenated asphalt has a viscosity-temperature curve close to that of virgin asphalt, which demonstrates that 20% W-oil shall be added to aged asphalt for restoring its workability to the virgin level. Viewing from the viscosity-temperature curves of 20%WRA and virgin, the change in the viscosity of virgin asphalt is more sensitive to temperature, which demonstrates that the addition W-oil can recover the viscosity of aged asphalt, but the temperature susceptibility cannot be recovered to the level of virgin asphalt. 
Pavement Performance Based on Rheological Tests
Workability
In order to guarantee the service performance of asphalt mixture, the viscosity of an asphalt binder shall be controlled within a certain range. In the Technical Specification for Construction of Highway Asphalt Pavement (JTG F40-2004) , it is recommended that the optimum viscosity in the mixing and compacting process of asphalt binder to be 170 mPa·S and 280 mPa·S, respectively. Figure 14 shows the viscosity-temperature curve of virgin asphalt, aged asphalt, and rejuvenated asphalt with different dosages of W-oil at 120-180 °C. The line of recommending compacting viscosity and mixing viscosity are drawn at 280 mPa·S and 170 mPa·S, respectively, in which the corresponding horizontal coordinate is the compacting and mixing temperature of the related asphalt. According to Figure 14 , it can be seen that an increase of temperature makes the asphalt viscosity decrease, so the control on the optimum mixing and compacting viscosity of asphalt is realized by controlling the temperature. The lower the construction temperature, the less energy is required in the heating process, and the better the workability. The viscosity of virgin asphalt increases by an aging effect, and the mixing and compacting temperature of aged asphalt under the recommended mixing and compacting viscosity are 180 °C and 168 °C, respectively. Both are increased by around 25 °C in comparison with that of virgin asphalt, so aging effect lowers the workability of virgin asphalt. As the dosage of W-oil in aged asphalt increases, the viscosity of rejuvenated asphalt reduces rapidly, which demonstrates that W-oil can improve the workability of aged asphalt. When the dosage of W-oil is 20%, rejuvenated asphalt has a viscosity-temperature curve close to that of virgin asphalt, which demonstrates that 20% W-oil shall be added to aged asphalt for restoring its workability to the virgin level. Viewing from the viscosity-temperature curves of 20%WRA and virgin, the change in the viscosity of virgin asphalt is more sensitive to temperature, which demonstrates that the addition W-oil can recover the viscosity of aged asphalt, but the temperature susceptibility cannot be recovered to the level of virgin asphalt. Figure 15 shows the mixing and compacting temperature of virgin asphalt, aged asphalt, and rejuvenated asphalt with different dosages of W-oil. It can be seen that, as the dosage of W-oil increases, the mixing and compacting temperature keep on declining. The construction temperature of rejuvenated asphalt presents a linear decrease with the addition of W-oil; it can be concluded that W-oil improves the workability of aged asphalt. When the dosage of W-oil is 20%, the viscosity of rejuvenated asphalt is basically restored to the level of virgin asphalt. Figure 15 shows the mixing and compacting temperature of virgin asphalt, aged asphalt, and rejuvenated asphalt with different dosages of W-oil. It can be seen that, as the dosage of W-oil increases, the mixing and compacting temperature keep on declining. The construction temperature of rejuvenated asphalt presents a linear decrease with the addition of W-oil; it can be concluded that W-oil improves the workability of aged asphalt. When the dosage of W-oil is 20%, the viscosity of rejuvenated asphalt is basically restored to the level of virgin asphalt. Figure 16 shows the cumulative strain curve of specimens under two different stresses (0.1 kPa and 3.2 kPa). It can be seen that the cumulative deformation of 0%WRA is the minimum. The cumulative deformation of virgin asphalt is far greater than that of 0%WRA, because the aging effect improves the non-deformability of asphalt. The addition of W-oil increases the cumulative deformation of aged asphalt. The higher dosage of W-oil is, the higher the deformability of the rejuvenated asphalt. It is concluded that the deformation recovering capacity is improved by the aging effect, while the addition of W-oil lowers the deformation recovering capacity of aged asphalt. When the stress is 0.1 kPa, 15%WRA has a cumulative deformation curve close to that of virgin asphalt, while in the case of 3.2 kPa, 15%WRA has a cumulative deformation curve with a certain difference from that of virgin asphalt, which demonstrates that the trend of cumulative deformation under different stresses varies. Figure 16 shows the cumulative strain curve of specimens under two different stresses (0.1 kPa and 3.2 kPa). It can be seen that the cumulative deformation of 0%WRA is the minimum. The cumulative deformation of virgin asphalt is far greater than that of 0%WRA, because the aging effect improves the non-deformability of asphalt. The addition of W-oil increases the cumulative deformation of aged asphalt. The higher dosage of W-oil is, the higher the deformability of the rejuvenated asphalt. It is concluded that the deformation recovering capacity is improved by the aging effect, while the addition of W-oil lowers the deformation recovering capacity of aged asphalt. When the stress is 0.1 kPa, 15%WRA has a cumulative deformation curve close to that of virgin asphalt, while in the case of 3.2 kPa, 15%WRA has a cumulative deformation curve with a certain difference from that of virgin asphalt, which demonstrates that the trend of cumulative deformation under different stresses varies. Figure 16 shows the cumulative strain curve of specimens under two different stresses (0.1 kPa and 3.2 kPa). It can be seen that the cumulative deformation of 0%WRA is the minimum. The cumulative deformation of virgin asphalt is far greater than that of 0%WRA, because the aging effect improves the non-deformability of asphalt. The addition of W-oil increases the cumulative deformation of aged asphalt. The higher dosage of W-oil is, the higher the deformability of the rejuvenated asphalt. It is concluded that the deformation recovering capacity is improved by the aging effect, while the addition of W-oil lowers the deformation recovering capacity of aged asphalt. When the stress is 0.1 kPa, 15%WRA has a cumulative deformation curve close to that of virgin asphalt, while in the case of 3.2 kPa, 15%WRA has a cumulative deformation curve with a certain difference from that of virgin asphalt, which demonstrates that the trend of cumulative deformation under different stresses varies. Non-recoverable creep compliance (J nr ) can characterize the anti-rutting property at high temperature well. The larger J nr is, the poorer the anti-rutting is; the smaller J nr is, the better the anti-rutting. The non-recoverable creep compliance (J nr ) of each cycle under each stress can be calculated as Equation (1):
Rutting Property
where τ is the loading stress for each cycle, kPa; and γ nr is the non-recoverable strain of the cycle. According to Figure 17 , it can be seen that the J nr of 0%WRA is far smaller than that for virgin asphalt; therefore, the aging effect improves the rutting resistance of asphalt. The larger the dosage of W-oil is, the larger J nr value of the rejuvenated asphalt; it is concluded that W-oil lowers the rutting property of aged asphalt. There are differences in the J nr values of specimens under different stresses, but no obvious rules are found.
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Fatigue Property
Low Temperature Property
The creep stiffness (S) and creep rate (m) of virgin, aged, and rejuvenated asphalt at −12 °C are shown in Figure 20 . The creep stiffness significantly increases, and the creep rate significantly declines after aging, which demonstrates that the aging effect will make asphalt harden and easily crack at low temperature. With the addition of W-oil, the creep stiffness of aged asphalt decreases, and the creep rate rises, which demonstrates that W-oil improves the low temperature anti-cracking property of aged asphalt. When the dosage of W-oil is 20%, the test fails to complete, because 20%WRA is too soft. The value of S and m in Figure 20 is set as 0 and 1, respectively. When the dosage of W-oil is 8% and 13%, the S and m values of rejuvenated asphalt are recovered respective Nf50 is taken as the index for evaluating asphalt fatigue. Figure 19 shows the Nf50 values of virgin asphalt, aged asphalt, and rejuvenated asphalt with different dosages of W-oil. It can be seen that, as the dosage of W-oil increases, the fatigue life of rejuvenated asphalt increases exponentially. 
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Analyzing Possibility of W-Oil as Rejuvenator
The pavement performance of asphalt becomes poor due to the aging effect, and the aim of adding rejuvenator is to restore the pavement performance of aged asphalt. First of all, the optimum dosage of W-oil shall be determined. In this paper, the optimum dosage is determined by the rheological index, because the rheological index can be directly correlated to the field pavement performance. According to the test results of performance indices obtained from the rheological test, with the increasing dosage of W-oil, the workability, fatigue property and low-temperature performance of rejuvenated asphalt are improved. However, the rutting resistance of rejuvenated asphalt is declining. The principles of determining the optimal dosage of W-oil are: under the premise of ensuring the high-temperature performance of rejuvenated asphalt, improve the workability, fatigue property, and low-temperature performance of aged asphalt to the maximum. Taking the Jnr value of rejuvenated asphalt no lower than that of virgin asphalt as the criteria, the calculated dosage, making Jnr in the case of 3.2 kPa and 0.1 kPa restore to the level of virgin asphalt, is respectively 13.0% and 13.7%, and the average value of 13.4% is taken as the optimum dosage of W-oil.
The feasibility of the rejuvenator is usually evaluated by comparing the properties of virgin asphalt and rejuvenated asphalt. For carrying out a comparative analysis on the performance of 13.4% W-oil rejuvenated asphalt and virgin asphalt, the safety, aging, and pavement performance indices of virgin and rejuvenated asphalt shall be processed for normalization, as shown in Figure  21 . The optimum dosage of W-oil is determined as 13.4%, which is based on the same high-temperature stability as virgin asphalt. The safety of rejuvenated asphalt with 13.4% W-oil is poorer than that of virgin asphalt, while the safety can still meet the specification requirements. The aging property is superior to that of virgin asphalt. The ductility is better than that of virgin asphalt. The workability is slightly poorer than virgin asphalt, and will be further improved. The fatigue life of rejuvenated asphalt is longer than that of virgin asphalt by approximately 33%. The value m of rejuvenated asphalt is close to that of virgin asphalt, but the value S is lower by 47% than virgin asphalt; therefore, the low-temperature property of rejuvenated asphalt is better than that of virgin asphalt. In summary, W-oil can significantly improve the properties of aged asphalt, and it is of great potential to serve as an asphalt rejuvenator. 
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The feasibility of the rejuvenator is usually evaluated by comparing the properties of virgin asphalt and rejuvenated asphalt. For carrying out a comparative analysis on the performance of 13.4% W-oil rejuvenated asphalt and virgin asphalt, the safety, aging, and pavement performance indices of virgin and rejuvenated asphalt shall be processed for normalization, as shown in Figure 21 . The optimum dosage of W-oil is determined as 13.4%, which is based on the same high-temperature stability as virgin asphalt. The safety of rejuvenated asphalt with 13.4% W-oil is poorer than that of virgin asphalt, while the safety can still meet the specification requirements. The aging property is superior to that of virgin asphalt. The ductility is better than that of virgin asphalt. The workability is slightly poorer than virgin asphalt, and will be further improved. The fatigue life of rejuvenated asphalt is longer than that of virgin asphalt by approximately 33%. The value m of rejuvenated asphalt is close to that of virgin asphalt, but the value S is lower by 47% than virgin asphalt; therefore, the low-temperature property of rejuvenated asphalt is better than that of virgin asphalt. In summary, W-oil can significantly improve the properties of aged asphalt, and it is of great potential to serve as an asphalt rejuvenator. 
Conclusions
Based on the experimental results from virgin, aged, and rejuvenated asphalt in terms of safety, aging, and traditional and rheological property tests, the following conclusions can be drawn:
(1) Both the safety and aging property of W-oil rejuvenated asphalt decrease while the dosage of W-oil is increasing. When the dosage of W-oil is smaller than 20%, the flash point and mass loss of rejuvenated asphalt can still meet the specification requirements. (2) As the dosage of W-oil increases, the penetration and ductility of rejuvenated asphalt increase, while the soften point declines. W-oil can recover the penetration, soften point, and ductility of aged asphalt to the level of virgin asphalt. (3) As the dosage of W-oil increases, the workability of rejuvenated asphalt is improved, the fatigue life is extended, and the low-temperature property is improved, while the rutting resistance is reduced. (4) Under the premise of the high-temperature performance of rejuvenated asphalt, the optimum dosage of W-oil is determined to be 13.4%. The safety and aging property of rejuvenated asphalt can meet the specification requirements; the pavement performance basically recovers to the level of virgin asphalt. (5) W-oil can improve the safety, aging, and pavement performance of aged asphalt. W-oil is of great potential to serve as asphalt rejuvenator, while the workability and rutting property are to be further improved.
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